Abstract This paper quantifies the vulnerability of and risk to water resources (VRWR) under a scenario of climate change in the arid and semi-arid region of West China. A new approach integrating hazard, sensitivity, resilience, exposure and risk is developed to assess the VRWR from climate change. Drought is regarded as the key hazard, with its frequency and severity defined using a surface humidity index. Exposure is quantitatively linked with indicators of population and social and economic characteristics using statistical and Geographical Information System (GIS) methodologies. Risk is defined as the product of hazard, exposure and vulnerability, while vulnerability is treated as a function of sensitivity and adaptation. Vulnerability and risk in the water resources system in the coming 20 years are assessed for the RCP 4.5 scenario. The results reveal that both hazard and exposure of water resources display strong spatial variation in the study area. High hazard and exposure are found in the northern Tianshan Mountain as well as the eastern part of Hexi Corridor. Water resources are
Introduction
Arid and semi-arid regions are especially vulnerable to predicted impacts of climate change on water resources (Beuhler 2003) . Ongoing expansion of human populations and economic development is likely to exacerbate the conflict between water supply and demand (Vörösmarty et al. 2000) . Future changes to the water cycle associated with climate change will impact water availability and demand (Haddeland et al. 2014) , such that the risk to water security is projected to increase as a result of changed water availability interacting with increased vulnerability (Field and Van Aalst 2014) . According to the Global Risks Perception Survey (WEF 2015) , the risk of water crises is a highly ranked concern over the timeframe of the next 10 years. In this situation, proper assessment of water resources vulnerability and risk can help to reduce the vulnerability and to alleviate the consequences of climate change. The knowledge from such an assessment can inform planning of climate change adaption strategies, and is particularly relevant in arid and semi-arid regions.
Over the past decade, numerous efforts to assess risk and vulnerability to climate change has led to development of theory and practice, reflected in the reports of the Intergovernmental Panel on Climate Change (IPCC) (Füssel and Klein 2006; Field and Van Aalst 2014) . According to (DHA 1992) , risk should be calculated as the Bproduct of hazard and vulnerability^. More recently, the role of vulnerability and exposure in climate risk assessment has been emphasized (Field and Van Aalst 2014) . Others have attempted to assess climate risks on the basis of hazard, exposure and vulnerability (Koks et al. 2015; Peduzzi et al. 2009 ).
Vulnerability is a fundamental concept in research on climate change (Hinkel 2011) . Assessing vulnerability is an essential step to evaluate the risk (Fuchs et al. 2012) . A vulnerable system is more sensitive to a climate stimulus than a system that has more adaptive capacity (Smit and Wandel 2006) . Thus, vulnerability can be determined by the character, magnitude and rate of the climate change, the system's sensitivity and its adaptive capacity (McCarthy 2001) . The vulnerability of a water resources system is determined by the extent of climate change impact and the degree of inability to cope with climate change. Increasingly complex and diverse methodologies are being applied to assessment of vulnerability (Eakin and Luers 2006) , among which the indicator-based method (Falkenmark 1989; Sullivan and Meigh 2005) and a new function-based method (Xia et al. 2012) are developed and applied to adaptive water management. However, the new challenge is how best to integrate climate change into vulnerability and risk is still open.
Water resources is generally scarce and vital to social-economic development and maintenance of the ecosystem heath in the arid and semi-arid region of West China (Feng and Cheng 1998) . According to the water resources assessment carried out by the Ministry of Water Resources P.R. China, annual water resources availability in this region averaged only 1275.8 km 3 , accounting for 4.6 % of the national total, with an annual average deficiency of at least of 36.53 km 3 based on the water demand. Also, the average temperature will increase by 1.5-2.5°C by 2050s (Ci 2002) . Runoff of the rivers in Northwest China will decrease if the temperature increases by 2°Cand precipitation increases by several percentage points (UNESCO 2010) . This paper proposes a framework for assessment of vulnerability in arid and semi-arid regions that integrates climate change and the concepts of hazard, exposure, sensitivity and adaptability. The risk assessment was based on drought hazard, vulnerability and exposure. Methods to quantify hazard, exposure, vulnerability and risk under climate change were developed to support the framework. The proposed approach was applied to assess vulnerability and risk in the water resources system in arid and semi-arid areas of West China. Furthermore, future vulnerability and risk in the water resources system in the coming 20 years were assessed for the RCP 4.5 scenario.
2 Study area and methods
Study area
The arid and semi-arid region of West China refers to the vast inland area north of 30°N and east of 110°E, including Xinjiang, Qinghai, the Hexi Corridor region of Gansu, Inner Mongolia, Ningxia and most of the Tibet region. It covers an area of 3.36 million km 2 , accounting for 35 % of China's total land area, although it contains only 2.4 % of China's total population. This area includes 12 river basins (Fig. 1, Table 1 ). It is the core economic region of the Silk Road Economic Belt of China, but is also one of the most water-scarce areas of China.
The region has a dry climate with an average annual precipitation of 161.2 mm but high potential evapotranspiration ranging from 1500 to 3400 mm. The runoff originates mostly (Table 1) . K08 is Gurbantunggut Desert, and K13 is Taklimakan Desert. K08 and K13 are not included in this study from rainfall and melting snow and glaciers in the mountainous areas. Global warming and drought have caused the glaciers to retreat, with approximately 82.2 % of the all the over 5000 registered glaciers showing evidence of shrinking over time in the past 50s years (Liu et al. 2006) . The area of land under cultivation has increased rapidly as the population has expanded. For example, in Xinjiang the arable land increased from 120.9 × 10 4 ha in 1949 to 512.3 × 10 4 ha in 2010 (Fan et al. 2012) , as the population increased from 4.33 million in 1949 to 21.81 million in 2010 (Zuo et al. 2011) . These changes in population and agriculture will inevitably increase the conflict between supply and demand of water resources.
Data description
Water resources, water consumption, and ecological water consumption data were taken from the Water Resources Bulletin published by The Ministry of Water Resources of China and the water resources investigation of Northwest China (Dong et al. 2006 ). Gridded population density and GDP per unit area, with a spatial resolution of 1 km × 1 km, were provided by the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (Huang et al. 2014) . The data used to calculate the sensitivity, including daily precipitation, temperature and other meteorological data, were obtained from the China Meteorological Administration. Data from the period 1960-2010 was used to characterize the occurrence of drought. Future climate was modelled by the China Meteorological Administration based on the CMIP5 multi-model dataset (Coupled Model Intercomparison Project phase 5). Representative concentration pathways RCP 2.6, RCP 4.5, and RCP 8.5 emission scenarios were included in the CMIP5 for climate projections. The RCP 4.5 pathway that aims to achieve stable radiative forcing. Assuming this scenario is true for the study region, we analyzed whether the projected climate change can mitigate the risk to water resources in the study area. Runoff in 2030 was simulated by a coupled land process model with large scale hydrological model, namely CLM-DTVGM (Ning et al. 2016 ).
Methods

Framework of quantifying vulnerability and risk assessment of water resources under changing climate
Risk to water resources due to climate change can be defined as 'the potential hazard to water resources and its implications on human and ecological receptors that may result from the climate change' (Sharma and Bharat 2009) . Consistent with this definition, we developed a framework to assess the vulnerability and integrated risk to water resources from the impact of (Fig. 2 ). Climate hazard, or 'source', in this framework relates to drought events. This approach considers the impact of climate change on water resources availability, the utilization of water resources, the vulnerability of water resources under a climate change scenario, and the conflict between supply and demand of water resources (Fig. 2) . The risk to water resources can be expressed as a function of hazard, vulnerability and exposure:
where t is time; R(t) is risk to water resources; and E(t) and V(t) are the exposure and vulnerability of water resources system, respectively. The result of Eq. (1) is normalized so that it ranges between 0 and 1. The risk to water resources results from the interaction of climate-related hazards with the vulnerability and exposure of human and natural systems. The function of Eq. (1) also indicates that increases in exposure and vulnerability with climate change also enhance risk.
Method to quantify and assess vulnerability and its risk on impact of climate change to water resources
This study focused on the risk to water resources under a scenario of changing climate in the arid and semi-arid region of West China, where the demand for water usually exceeds supply.
Vulnerability assessment
Xia et al. (2012) developed an index system to quantify water resources vulnerability by integrating the sensitivity of runoff to climate change, adaptability to the gap between water supply and demand: 
where t is time; V(t) is vulnerability of water resources; and S(t) and C(t) are the sensitivity and adaptability of the water resources system, respectively. S(t) is related to the natural features of the water system, while C(t) is linked with adaptation strategies as well as with the integrated socio-economic capacity and scientific, technical and management capacity to tackle water stress. In this study, vulnerability was grouped into five categories, namely, little vulnerability (V ≤ 0.2), low vulnerability (0.2 < V ≤ 0.4), moderate vulnerability (0.4 < V ≤ 0.6), high vulnerability (0.6 < V ≤ 0.8), and severe vulnerability (0.8 < V ≤ 1.0). In quantifying the impact of climate change on the water sector, sensitivity is considered the degree to which a system is affected, either adversely or beneficially, by climate-related stimuli (Gallopín 2006) . According to (IPCC 2007) , sensitivity is the degree to which a given human community or ecosystem is affected by climatic stresses, which can be expressed as the amount an indicator, such as a resource or population variable, changes relative to incremental changes in the climate. Hydrologic sensitivity can be defined as the percentage change in mean annual streamflow occurring in response to a change in mean annual precipitation (P) and potential evapotranspiration (ET 0 ) (Donohue et al. 2011; Ma and Fu 2006) . Changes in P and ET 0 may cause annual runoff to change, thus the fractional change in annual runoff can be expressed as a function of fractional changes in annual precipitation and potential evaporation. (Arora 2002 ) deduced a function to express this by combining the framework of (Budyko and Miller 1974 ) and a water balance equation:
where ΔP and ΔET 0 are changes in precipitation and potential evapotranspiration respectively, Ru and ΔRu are runoff and changes in runoff respectively, and β is the elasticity rate of runoff to changes in precipitation and potential evapotranspiration. Equation (3) shows that the value of β increases as the aridity index increases, which implies that runoff is more sensitive in dry and arid regions. It also suggests that a larger value of β indicates a larger change in runoff if precipitation or potential evaporation changes.
Theoretically, the elasticity rate range is (∞, +∞). The elasticity rate is very high when the tendency leans toward infinity and negative infinity; therefore, the following equation was used to convert the range of β into [0, 1] for ease of comparison (Xia et al. 2014) :
Based on Eq. (4), S(t) tends to be 1 when β approaches infinity and negative infinity, and tends to be 0 when β approaches 0.
Three integrated indicators were chosen to assess the adaptability of water resources: the exploitation ratio of available water resources (r), available water resources per capita (WP), and the ratio of ecological water use to basic ecological water requirements (ER):
where W use denotes total water use for agriculture, industries and domestics, W available represents the amount of available water resources, W total is the total supply of water resources, W eco is the amount of ecological water consumption, W eco,min is the minimum amount of ecological water consumption, and population is the amount of population. The adaptability increases with WP and ER, and decreases with r. Thus, the adaptability is directly proportional to the ER and WP, but inversely proportional to r, as
Quantifying the impact of hazard to water resources
The hazard component in Eq. (1) is defined as the probability of a climate-related event with the potential to cause harm to human and natural systems over a certain period of time, with a particular intensity, at a particular location. Examples of climate hazards are droughts, floods, and tropical cyclones. Probability can be associated with the frequency and magnitude of a given hazard (Jones et al. 2004 ). This study adopts drought as the key hazard, and uses a surface humidity index to characterize drought frequency and severity. The surface humidity index (W) is a parameter for characterizing the relative wetness of the land surface (Ma and Fu 2003) . It is expressed as a ratio of the two most important components of the land surface water balance -precipitation and potential evapotranspiration:
Drought events are associated with low values of the surface humidity index, with anomalies of the annual surface humidity index computed as a z-score:
where W i is the annual average surface humidity index, and W and σ are the long-term average and standard deviation of surface humid index, respectively. The surface humidity index normalized through z-score can be classified into four categories: no drought (z > −0.5), slightly drought (−1.0 < z ≤ −0.5), moderately drought (−1.5 < z ≤ −1.0) and severely drought (z ≤ −1.5). The drought hazard can be calculated as:
where ω i is the weight for droughts. Following He et al. (2013) , the weight was set to zero for no drought, 0.17 for slightly drought, 0.33 for moderately drought, and 0.50 for severely drought.
Quantifying the exposure of water resources
Once a hazard has been defined, the next step in risk assessment is to identify exposure under the climate change impact. This paper will use exposure as the degree of climate stress, such as drought upon water resources and social-economic activities. In case of the risk of human and natural system losses, the size or density of the population and socioeconomic parameters are relevant. Previous studies have estimated exposure using proxies based on the geographic distribution of population density and economic productivity sampled on a latitude and longitude grid (Lerner-Lam 2007) . Land use patterns, that maintain the integrity of watersheds, have a significant influence on surface water resources (Price et al. 2011) , and have interactions with drought (Biazin and Sterk 2013) . Land use types can be a proxy to identity the exposure component of the risk (Wood 2009). In this study, the exposure was estimated by means of Geographical Information System (GIS) methodologies (ESM 1). The sub-exposure of population (E 1 ) and GDP (E 2 ) was normalized to the range of [0, 1] using max-min normalization. The sub-exposure of land use (E 3 ) was evaluated by the influencing degree of land use types affected by drought. Following, the influencing degree was 0.08 for woodland, 0.12 for grassland, 0.40 for farmland, 0.25 for inhabitant, 0.07 for water and 0.03 for others. And then it was also normalized to the range of [0, 1] using max-min normalization. The exposure can be calculated as:
where α i denotes the weight of three sub-exposures, and it was 0.4,0.4 and 0.2, respectively, which was determined by the expert investigation method (ESM 2).
Results
Hazard of water resources to climate change
Drought hazard, determined using Eq. (9), was variable over the study area (Fig. 3) . The most affected area was in the Northern Tianshan Mountain and eastern Hexi Corridor, with a hazard level of approximately 20 % (the likelihood of at least slightly drought). Hazard levels in Qaidam Basin and Northern Kunlun Mountain were relative low, less than in Inland rivers in Inner Mongolia where the predominant land use type (grassland) was susceptible to drought.
The exposure of water resources
The distribution of exposure in arid and semi-arid regions of West China had high spatial variability (Fig. 4) . High values of exposure occurred in Hexi Corridor, northern Tianshan Mountain, Central Asia, Tarim basin and the southeast part of Inner Mongolia. Northern Kunlun Mountain, Qinghai Lake Basin, Qaidam Basin and Chang Tang Plateau had low exposure values. The rest regions had moderate exposure values. Regions with relatively high exposure values coincided with high population densities and high unit area GDP. Additional, farmland, which is the land use most susceptible to drought among the six categories, also occupied a large percentage of the them (Fig. 3) . Regions with relatively low exposure values coincided with low population densities, low unit area GDP or predominant land use were grassland and unused land (Fig. 3) . Rapid population growth and expansion of irrigated farmlands during the last two decades have imposed increasing pressure on water resources. For example, in the past five decades, the populations in Xinjiang province and Hexi Corridor have increased 2.5 times and 3.3 times, respectively, while the area of arable land expanded 2.6 times and 1.9 times, respectively.
Mapping vulnerability of water resources
Sensitivity of water resources to climate change and adaptability of water resources, evaluated by Eq. (3) and Eq. (6) respectively, were combined to calculate the vulnerability of water resources using Eq. (2) (Fig. 6) . The runoff in arid and semi-arid region of China is very sensitive to precipitation and potential evapotranspiration. A 10 % change in precipitation can cause a change of 10.0-18.1 % in water resources, while a 10 % change in potential evapotranspiration can result in a 0-8.1 % change in water resources availability. The water resource was more sensitive to precipitation and potential evapotranspiration variability in the upstream area of Hexi Corridor, rivers in Central Asia, headwater streams of Tarim River and most of Chang Tang Plateau (Fig. 5a ). Over a large proportion of arid and semi-arid area of China water resources were characterized by low adaptability (Fig. 5b) . Inland rivers in Hexi Corridor, Turpan-Hami basin, Tarim basin and Northern Kunlun Mountain had the lowest adaptability with an average adaptability less than 0.15. At this level, the water exploitation ratio exceeds 100 % and ecological water consumption is less than 10 % of the basic ecological water requirements. Chang Tang Plateau and Qinghai Lake basin had moderate adaptability, where the water exploitation ratio ranged 40 to 60 % (Fig. 5b) .
Two-thirds of all basins in the study area had severe vulnerability of water resources (Fig. 5c) , where the water resources were insufficient to satisfy the water requirements of agriculture, industry, and the ecological system. Also, the vulnerability was high where the water resources were highly susceptible to climate (Fig. 5a) , and/or the adaptability was low (Fig. 5b) . As two large projects, the Silk Road Economic Belt and the Project of Construction of Ecological Civilization, develop further, urban, industrial and agricultural water demand will increase, and the shortage will become more severe.
In order to validate our assessment, the results of the vulnerability of water resources in arid regions of Northwest China in previous studies were compared against our results in this paper. (Liu 2003) concluded that Northwest China is a region with notable vulnerability of water resources, which is consistent with our assessment of vulnerability. (Wu et al. 2013 ) evaluated the regional water resources vulnerability in the Bayingolin Mongolian Autonomous Prefecture, which is a part of Headstreams of Tarim River, Mainstream of Tarim River, and Northern Kunlun Mountain, and found that the water resources vulnerability is high in the study region, showing no difference with our results. (Wan et al. 2015) evaluated the vulnerability in most parts of arid regions of Northwest China, and found that the vulnerability is high or severe in study of, which is similar to the our research. However, the vulnerability of Southern Altay Mountains and Rivers in the Central Asia is less than in the present study, vulnerability of Inland Rivers in Inner Mongolia is higher than in the present study. The possible explanations for that: the sensitivity in that paper only took precipitation into account. The exposure was calculated as aridity anomaly index. In our research, the potential evapotranspiration was also adopted to define the sensitivity, and the social-economic indicators were used to calculate the exposure.
Risk analysis
The risk to water resources covered a wide range over the arid and semi-arid regions of West China (Fig. 6) . High risk values were found in Hexi Corridor, and areas of northern Tianshan Mountain and Tarim basin characterized by high population density and GDP. Risk was also high (Fig. 6 ) in areas where high hazard of drought (Fig. 3) , high exposure (Fig. 4) , and high vulnerability (Fig. 5c) coincided. The grassland areas in Qinghai Lake Basin, Inland rivers in Inner Mongolia and most of Chang Tang Plateau had relatively low risk values (Fig. 6) . The risk to water resources was not uniform within these broad areas. For example, there were large differences in the value of the risk within the Inland rivers in Hexi Corridor, explained by the highly uneven distributions of population density and GDP.
Prediction of risk for sustainable water resources utilization under climate change impact
According to the RCP 4.5 scenario, in the arid and semi-arid region of China the average precipitation will increase by 17.5 %, and the average temperature will increase by 0.84°C in the 2030s, compared with the 2000s. Future runoff was simulated utilizing the Community Land Model-Distribution Time-Variant Gain Model (CLM-DTVGM) (Ning et al. 2016) . The runoff was projected to increase by 9.1 % by the 2030s. Although there is considerable uncertainty associated with this prediction, it is consistent with previous research (Xia et al. 2011) . According to the water demand prediction of social and economic development (Xiao et al. 2011) , in the arid and semi-arid region of West China the population will increase by 13 %, and GDP will increase by a factor of three by 2030. Ecological water use will increase by 6.2 × 10 9 m 3
. If the current water use practices persist, water consumption will increase by 15 % in the 2030s.
The vulnerability of and risk to water resources were predicted to reduce for the RCP 4.5 (Representative Concentration Pathways) scenario compared with the current climate (Fig. 7) . The vulnerability of water resources in Inland rivers in Inner Mongolia, rivers in the Central Asia and Northern Kunlun Mountain had a significant decline in vulnerability associated with the climate change scenario (compare Figs. 7 and 5c ). However, the vulnerability in headwater streams of Tarim River and Inland rivers in Hexi Corridor remained high under climate change.
The spatial distribution of risk was different under the climate change scenario compared with the current climate scenario (compare Figs. 7 and 6 ). The risk to water resources in Inner River in Inner Mongolia and Qinghai Lake Basin increased under climate change. Risk in Inland Rivers in Hexi Corridor, Northern Tianshan Mountain and headwater streams of Tarim River decreased slightly under climate change, but the risk remained high. Over the whole arid and semi-arid region, under the climate change scenario the area of severe risk decreased by about 60 %, the area of moderate risk decreased by about 6 %, and the area of high risk increased by about 24 %.
The results suggested that under the circumstances that precipitation and ecological water consumption increase, the vulnerability and risk to water resources in Inland rivers in Hexi Corridor, Northern Tianshan Mountain and Headstreams of Tarim River would likely be higher under the RCP 4.5 scenario compared to the current situation. This was due to the relatively low adaptability and high exposure in these basins. The deficiencies in meeting agricultural and ecosystem demands will still exist, and the utilization ratio of water will also exceed 100 %. Thus, it would be prudent to reduce vulnerability of and risk to water resources in these basins through implementation of measures to increase adaptability and reduce exposure.
Conclusion
This paper developed an integrated index approach for assessing the vulnerability of and risk to water resources under climate changing in arid and semi-arid areas of China.
The results of this study indicated that the vulnerability of and risk to water resources in the arid and semi-arid areas of West China were severe, especially areas of Hexi Corridor, northern Tianshan Mountain and Tarim basin. Assuming the RCP 4.5 scenario is true, the vulnerability generally declined and risk increased in some areas and declined slightly in others. The vulnerability of and risk to water resources in Inland Rivers in Hexi Corridor, Northern Tianshan Mountain and Headstreams of Tarim River remained at a serious level under the climate change scenario. An appropriate policy response to this result would be to implement measures that increase adaptability and reduce exposure as a means of reducing the vulnerability of and risk to water resources. This assessment involved multiple hydrologic and social variables, all with associated uncertainty. Future work could focus on quantification, and reduction, of uncertainty, and exploration of other potential indicators.
